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Previous  studies  of  solar  refrigeration  and  air 
conditioning  systems  by  other  investigators  have  indicated 
bhat,  when  a conventional  solar  energy  collector  is  used  as 
the  heat  source  in  an  absorption  refrigeration  system,  an 
appreciable  heat  loss  occurs  in  the  transport  of  the  heated 
fluid  from  the  solar  collector  to  the  ammonia  generator. 

In  the  interest  of  reducing  or  eliminating  this  heat 
loss,  a L-haoretical  study  was  made  of  the  various  possible 
configurations  which  could  serve  the  dual  role  of  both  a 
solar  collector  and  an  ammonia  generator. 


The  combining  ot  the  solar  collector  and  the  ammonia 
generator  into  a single  unit  posed  several  problems  involving 


che  heat 
geometric 


transfer  ar.d  flow  characteristics  of  the  special 
configurations  making  up  the  combined  collector- 


generator  . 


y 


theoretical  analysis  of  the  combined  collector” 
generator,  the  incident  solar  energy  is  traced  through  each 
of  the  following  phases : 

1.  Transmission  through  the  glass  cover  of  the 
collector-generator,  to  the  tube  sheet,  through 
the  tube  sheet,  and  to  the  refrigerant  fluid  in 
the  collector-generator  tubes. 

2.  Two-phase  effects  appearing  as 

a.  Bubble  growth  and  motion  in  the  tubes. 

b.  The  vapor  fraction  and  its  effect  on  the  heat 
transfer  through  the  tube  walls. 

3.  Final  emergence  as  the  heat  of  vaporization  of 
ammonia  vapor  travelling  from  the  collector- 
generator  header  to  the  condenser  of  the  associated 
refrigeration  system. 

Utilizing  information  gained  in  the  theoretical 
analysis,  an  experimental  collector  was  designed  and  built 
using  the  following  criteria: 

1.  Reasonable  material  and  construction  cost  per 
unit  of  heat  absorbed  by  the  collector-generator 
per  unit  area. 

2.  Resistance  to  highly  corrosive  ammonia-water 
mixtures  and  safe  withstanding  of  the  working 
pressures  involved. 

3.  Favorable  flow  of  the  two-phase  mixtures  in  the 
passages  where  both  phases  appear. 

4.  Satisfactory  separation  of  the  two  phases  at 
strategic  points  in  the  complete  refrigerat i on 
system. 


Upc 


n completion  or  the  collector-generator  unit,  the 


condenser, 
absorption 
and  added. 


evaporator,  and  absorber  for  an  associated 
refrigeration  system  were  each  designed,  built, 
ore  by  one,  to  the  refrigeration  system.  At  each 
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stage  of  assembly  of  the  various  components  into  the 
system,  a series  of  performance  checks  were  made  to  deter- 
mine the  response  of  each  successive  system  to  solar  energy 
input . 


The  first  series  measured  the  temperature  response 
of  the  solar  collector-generator  alone  under  day  long 
operation  in  full  sunlight. 

The  second  series  utilized  the  collector-generator 
and  the  condenser  as  a "one-shotM,  intermittent  refrigera- 
tion system. 

The  third  and  final  series  measured  the  performance 
of  the  collector  functioning  as  a part  of  the  complete 
absorption  refrigeration  system. 

The  theoretical  analysis  of  the  combined  solar 
collector-generator  and  the  results  of  the  series  of 
experimental  investigations  indicated  the  following 
advantages  resulting  from  the  combining  of  the  two  units 
into  one : 

1.  The  undesirable  heat  loss  that  occurs  between 
solar  collector  and  the  separate  generator  of 
previous  solar  refrigeration  systems  is  elimi- 
nated in  the  combined  collector-generator. 

2.  The  flat  plate  type  solar  collector  generator  can 
generate  substantial  amounts  of  ammonia  even  on 
cloudy  days  when  onlv  diffuse  solar  energy  is 
available. 

The  solar  collector-generator  developed  in  this 
investigation  can  generate  the  equivalent  of 
30  pounds  of  ice  per  day  with  only  a 4 by  4 foot 
collector  area. 


mil 


3. 


4.  The  combined  collector-generator  has  a 
relatively  short  warm-up  time. 
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CHAPTER  I 


INTRODUCTION 

Previous  investigations  of  solar  driven  absorption 
refrigeration  systems  have  revealed  a substantial  and  un- 
desirable heat  loss  occurring  in  the  heated  liquid  transport 
from  the  solar  energy  collector  to  the  ammonia  generator. 

In  the  interest  of  reducing  or  eliminating  this  loss, 
several  investigators  have  proposed  the  combining  of  the 
solar  collector  and  the  ammonia  generator  into  one  unit. 

The  main  purpose  of  this  investigation  has  been  to 
analyze  theoretically  the  characteristics  of  such  a combined 
system  and  then  to  design,  construct,  and  operate  the  com- 
bined unit  in  a complete  refrigeration  system.  However,  an 
effort  was  also  made  to  compact  the  entire  system  into  a 
relatively  small  space.  This  reduction  in  size  also 
resulted  in  a decrease  in  weight  and  cost  of  the  system, 
thus  bringing  solar  refrigeration  closer  to  economic 
competition  with  existing,  conventional  systems.  This 
effort  to  decrease  the  cost  has  a worthy  end,  since  there 
is  a great  need  in  the  world  for  a lcw-cost  means  of  food 
preservation. 

In  recent  National  and  International  meetings  on 
Solar  Energy  Utilization,  it  has  been  repeatedly  emphasized 
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that  much  of  the  famine  that  now  occurs  in  the  world  could 
be  prevented  if  a low-cost  means  could  be  found  for  carrying 
over  the  abundance  of  one  season  into  the  season  of  scar- 
city. It  has  been  stated  that  in  some  tropical  countries, 
fully  one-quarter  of  the  vegetable  crop  spoils  for  lack  of 
cooling  facilities  [j]  . Also,  it  has  been  stated  that 
factories  in  India  can  never  operate  at  the  efficiency  of 
factories  in  the  United  States  or  Europe  until  they  are 
air-conditioned  . Thus,  the  health  of  millions  of 
people  could  be  improved  by  the  development  of  a low-cost 
cooling  method. 

For  many  of  the  underdeveloped  countries  of  the 
world,  solar  refrigeration  holds  great  promise  as  a solu- 
tion to  this  problem,  since  most  of  the  countries  with 
this  need  have  an  abundance  of  sunshine.  Also,  this 
abundance  comes  at  the  season  when  refrigeration  is  most 
needed. 

Thus,  it  can  be  seen  that  the  basic  research  in- 
volved in  this  solar  energy  research  project  is  not  only 
of  current  scientific  interest,  but  also  has  a world-wide 
economic  significance. 


CHAPTER  II 


PREVIOUS  INVESTIGATIONS 

Solar  Refrigeration  Studies  at  the 
University  of  Florida 

The  pioneer  research  in  solar  refrigeration  began 
at  the  University  of  Florida  in  1957,  preceded  by  basic 
studies  dating  back  to  1936,  involving  steam  jet  refrig- 
eration £3]  , mechanical  refrigeration,  and  solar  steam 

generation. 

In  1957,  a parabolic  collector,  6 by  8 feet  in 
size  was  built  at  the  University’s  Solar  Energy  Laboratory. 
This  collector  focussed  the  sun's  energy  onto  a glass 
covered  tube  at  the  focal  line.  The  system  followed  the 
sun  and  heated  oil  to  550°  F.  This  hot  oil  was  stored  and 
then  circulated  as  needed  to  operate  a standard  Servel 
absorption  refrigerator,  providing  the  equivalent  of 
domestic  refrigeration.  This  system  was  technically 
feasible,  but  was  not  considered  practical  because  of  high 
construction  and  installation  expenses  £4}  . 

This  study,  however,  did  point  to  the  use  of  a non- 
concentrating solar  collector.  Besides  being  less  costly 
to  build  and  easier  to  maintain  and  operate,  the  flat  plate 
type  collector  intercepts  both  direct  and  diffuse  radiation 
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and  can  collect  considerable  solar  energy  even  on  a cloudy 
day.  As  contrasted  to  the  generating  temperatures  of 
conventional  absorption  refrigeration  systems,  the  tem- 
peratures available  from  flat  plate  collectors  are  lower. 
Therefore,  different  refrigeration  characteristics  are 
needed  when  flat  plate  collectors  are  used.  As  a con- 
sequence, xn  1957,  a study  was  made  of  over  200  refrigerant 
combinations.  The  results  of  the  study  indicated  that 
ammonia-water  of  about  60  per  cent  ammonia  by  weight  offered 

the  best  overall  properties  for  solar  operated  refrigeration 
* 

and  air-conditioning  systems. 


system  was  built  and  found  to  operate  satisfactorily 
This  system  required  about  15  minutes  charging  time  for 
each  45  minutes  of  cooling. 


system.  A three  and  one-half  ton  system  was  designed, 
built,  and  tested  in  1962  and  1963  [6,7]  • Although  this 
system  performed  satisfactorily,  it  proved  to  be  too  large 


Solar  Refrigeration  Studies  at  Other  Institutions 
Although  refrigeration  research  began  in  the  middle 


In  1958,  a half- ton,  intermittent  ammonia-water 


The  next  logical  step  was  to  try  a continuous 


and  expensive  to  compete  with  conventional  systems. 


1800  s,  interest  in  solar  refrigeration  has  been  relatively 


In  1956,  F.  Trombe  |_3j  > experimenting  in  France, 


recent. 


used  a solar  concentrator  to  operate  an  intermittent 
refrigeration  device  consisting  of  two  small  containers 
connected  by  a pipe.  Refrigerant  evaporating  from  one 
container  was  condensed  in  the  other  during  the  charging 
operation.  When  the  operation  was  reversed,  a cooling 
effect  was  obtained.  This  device  was  similar  to  an  inven- 
tion of  the  Crosley  Corporation  in  1920,  called  the 
"Icyball . " 

Williams  et  al. . [ 3 J>  fit  the  University  of  Wisconsin, 
reported  in  1958  the  results  obtained  with  a solar  heated 
intermittent  system  similar  to  that  of  Trombe  described 
above. 

During  1960-61,  Kapur  [lo]  , in  India,  and  Tabor 
£ l i ] » in  Israel,  gave  extensive  surveys  of  the  state-of- 
the-art  in  solar  cooling. 

In  1961  and  1962,  Chinappa  te's]  reported  on 
tests  in  India  with  a flat  plate  collector  driving  an 
ammonia-water  absorption  refrigeration  system. 

In  1962,  Chung  et  al.  [ J 4- ] , at  the  University  of 
Wisconsin,  gave  the  results  of  tests  with  a lithium  bromide- 
water  absorption  air-conditioning  system,  using  steam  heat 
to  simulate  solar  heat,  but  utilizing  temperatures  above 
those  normally  available  from  flat  plate  solar  collectors. 


Also,  it  should  be  noted  that  the  lithium  bromide-water 


system  used 
type  system 


is  capable  of  air-conditioning  only,  since  this 
cannot  produce  temperatures  low  enough  for  re- 


frigeration 


CHAPTER  III 

PURPOSE  AND  SCOPE  OF  THE  PRESENT  INVESTIGATION 

Since  it  has  been  pointed  out  by  previous  inves- 
tigators that  there  is  a considerable  heat  loss  between 
the  solar  collector  and  the  generator  of  a solar  driven 
refrigeration  system,  the  next  step  in  the  development  of 
a technically  and  economically  more  practical  solar 
refrigeration  system  is  believed  to  be  the  combining  of 
the  solar  collector  and  the  ammonia  generator  into  one  and 
the  same  unit.  This  poses  a number  of  problems  which 
seem  not  to  have  been  answered  in  the  literature.  These 
problems  involve  the  characteristics  of  varying  concen- 
trations of  ammonia  solutions  as  to  flow  and  heat  transfer, 
and  changes  which  occur  when  some  of  the  ammonia  is  driven 
out  of  solution,  producing  two-phase  flow  in  the  special 
geometric  configurations  involved  in  a combined  solar 
collector-generator.  In  order  to  solve  these  problems, 
the  following  essential  information  is  needed: 

1.  The  theory  of  ammonia  vapor  production,  two- 
phase  flow,  and  separation  characteristics  in 
the  special  configurations  involved. 

2.  The  theoretical  behavior  of  such  mixtures  in 
inclined  flow  systems. 

3.  Having  established  and  verified  the  basic 
theoretical  behavior,  the  design  and  development 
of  such  a combined  system. 
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A.  The  actual  performance  characteristics  of  the 
resulting  solar  collector-generator  in  an 
operating  solar  refrigeration  and  air-condi- 
tioning system. 


CHAPTER  IV 


THEORY 

Introduction 

The  solar  collector-generator  developed  in  this 
investigation  is  similar  to  other  flat  plate  solar  collec- 
tors. The  main  difference  is  that  the  tubes  are  oriented 
in  an  up  and  down  parallel  pattern  in  the  plane  of  the 
collector  instead  of  being  horizontal  as  is  the  case  in 
most  conventional  collectors. 


As  is  shown  in  Figure  1,  the  tubes  terminate  at 
headers  at  the  upper  and  lower  ends.  These  tubes  will  con- 
tain refrigerant  fluid  at  gage  pressures  ranging  from  about 
30  to  170  pounds  per  square  inch. 

This  grid  of  parallel  tubes  is  enclosed  in  a shallow, 
glass  covered  box-like  structure  and  is  inclined  so  that  the 
glass  covered  face  will  be  approximately  normal  to  the  sun’s 
rays  at  solar  noon  during  'the  summer  season. 
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In  order  that  solar  radiation  will  be  absorbed 
inside  the  enclosure,  the  tubes  are  bonded  to  a metal 
backing  sheet  and  painted  with  a highly  absorptive  coating. 
The  rear  side  of  the  enclosure  is  insulated  to  reduce  heat 
losses  from  the  heated  metal  sheet. 

To  analyze  the  various  heat  transfer  phenomena 
that  occur  in  this  collector-generator,  the  energy  in  the 
incident  solar  radiation  is  traced  from  the  point  of  its 
first  striking  the  cover  glass,  through  the  cover  glass, 
to  the  tube  sheet,  to  the  tubes,  through  the  tube  walls  to 
the  refrigerant  flowing  in  the  collector-generator  tubes, 
and  finally  emerging  in  the  form  of  the  latent  heat  of 
ammonia  vapor  proceeding  toward  the  condenser  of  the 
associated  refrigeration  system. 

This  analysis  will  be  divided  into  the  following 

steps : 

1.  Transmission  through  the  collector-generator  glass  cover. 

2.  Transmission  to  the  tube  sheet. 

3.  Transmission  through  the  tube  sheet. 

4.  Transmission  to  the  refrigerant  fluid  in  the  single- 
phase region. 

5.  Bubble  growth  and  motion  in  the  collector-generator  tubes, 

6.  The  effect  cf  the  vapor  fraction  on  the  two-phase  heat 
transfer  in  the  inclined  collector-generator  tubes. 

7.  The  tneory  or  operation  of  the  complete  solar  driven 
refrigeration  system. 
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Transmission  Through  the  Collector-Generator  Glass 


upper  surface  of  the  cover  glass,  the  remainder  passing 
into  the  glass.  This  transmitted  portion  of  energy  is 
partially  absorbed  on  its  way  through  the  glass,  and  upon 
reaching  the  lower  surface  of  the  glass  is  again  separated 
into  two  parts.  A small  portion  is  reflected  back  upward 
into  the  interior  and  the  remainder  emerges  through  the 
lower  surface  as  transmitted  energy.  That  part  of  the 
energy  which  was  reflected  upward  internally  is,  in  turn, 
.partially  absorbed,  reflected,  or  transmitted,  etc.  Be- 
cause of  this  repeating  pattern  of  successive  absorption, 
transmission,  and  reflection,  and  because  the  re-reflection 
and  consequent  absorption  quickly  damps  out,  the  total 
monochromatic  transmissivity  can  be  expressed  as  a con- 
verging, infinite  series  [l6jo 

- (/-/q)2GL  +■  /iz0 -'7-)z  a.5  +■  a¥  C 1-^)^  a.5  + • ' ■ 
Since  this  is  a geometric  series,  the  sum  is 

rx  = .CiirlV . 

i -a4- a 
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This  expression  for  ^ gives  the  fraction  of  inci- 
dent radiation  that  finally  emerges  from  the  lower  side  of 
the  collector-generator  cover  and  proceeds  toward  the 


collector  tube-sheet. 

To  evaluate  CL  ^ the  absorption  coefficient,  assume 
that  the  radiation  absorbed  m the  cover  glass  is 


proportional  to  the  length  of  the  refracted  beam  L and  to 
the  intensity  of  the  incident  radiation  I , or 

A 


sLLl  = K I,  . 
d L' 

By  definition,  CL  is  the  ratio  of  two  successive 
1^  values.  Integrating  the  above  equation  and  talcing 
the  ratio  of  two  successive  values. 


a 


- I 


2>z  - e 


-K  L 


I 


a,  i 


For  3 given  glass  tnickness  1_,  due  to  the  geometry 
refraction  by  a glass  with  an  index  of  refraction 


L'  = • 

V"1  - -a^‘ 

Typical  values  of  (the  ’’extinction  coefficient”) 
are  0.17 4yf^  for  1/4  inch  plate  glass  and  O.I9^N  for 
double  strength  window  glass  such  as  that  used  to  cover 
the  solar  collector-generator  [l7]  . 

To  evaluate  /X  the  component  reflectivity,  a 
method  developed  by  Vaiasek  [|  8j  is  used.  If  it  is 
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assumed  that  the  normal  and  parallel  components  of  the 
vibrations  of  the  incident  light  beam  are  of  equal  in- 
tensity in  the  Fresnel  relations,  the  value  of  ra  becomes 

A = - L Si^z  (Q  - 9')  , tan'2'  (e  -e') 

s i nz  ( 9 + q'J  fa n z (0  + 0 

m 

Note  that,  in  all  the  above  expressions  for  the 
net  energy  through  the  glass,  there  is  a definite  angular 
dependence.  Thus,  with  the  sun  undergoing  its  diurnal 
motion,  the  energy  transmitted  through  the  glass  cover  of 
the  collector-generator  will  never  be  constant,  approaching 
a peak  rate  at  solar  noon  and  gradually  diminishing  in 
value  from  that  point  on. 

Of  the  total  solar  energy  that  originally  impinged 
upon  the  cover  glass,  about  10  per  cent  is  finally  absorbed 
by  the  glass,  and  the  remainder  proceeds  on  toward  the 
collector  plate  or  tube  sheet.  That  portion  of  the  incident 
energy  that  is  absorbed  by  the  cover  glass  serves  to  raise 
the  temperature  of  the  glass  to  some  equilibrium  value  at 
which  the  energy  leaves  in  the  form  of  radiation  and 
convection  to  the  surroundings.  Under  operating  conditions 
the  nec  neat  transfer  will  be  upwards,  since  the  glass  is 
cooler  than  the  tube  sheet. 

Nov;  consider  the  net  energy  that  has  entered  the 
glass  covered  enclosure  and  travels  to  the  tube  sheet. 
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Transmission  to  the  Tube  Sheet 

A small  fraction  of  the  radiant  energy  which  finally 
reaches  the  tube  sheet  surface  is  reflected  upward  by  any 
non-blackness  of  this  surface.  The  remainder  of  the  energy 
is  absorbed  by  the  tube  sheet  and  from  there  can  follow  any 
of  three  possible  paths: 

1.  Most  of  the  absorbed  energy  will  be  conducted 
through  the  tube  walls  to  the  refrigerant  fluid. 

2.  Some  of  the  energy  will  be  lost  by  radiation 
and  convection  upward  to  the  cover  glass. 

3.  A small  portion  of  energy  will  be  lost  by 
conduction  through  the  edges  and  back  of  the 
collector-generator  enclosure. 

Since  the  tube  sheet  is  at  a relatively  low  radia- 
tion temperature  (200°  F or  less),  it  is  considered  a low 
temperature  emitter  and  all  but  a very  minute  fraction  of 
its  radiation  will  be  in  the  far  infra-red  range  of  wave 
lengths.  Since  the  commercial,  double  strength  glass  used 
to  cover  the  collector-generator  is  practically  opaque  to 
all  wave  lengths  of  radiant  energy  greater  than  2 or  3 
microns,  the  radiant  energy  travelling  upward  from  the  tube 
sheet  is  effectively  trapped  by  the  glass  cover.  This 
phenomenon  shown  in  Figure  3 is  called  the  "Greenhouse 
Effect." 


1A 


Figure  3 


The  amount  of  e 
collector  plate  is 

0 = T °<U 

A85  'Q  5 


The  (I  -S)  factor  accounts  for  the  fraction  of 
oblique  solar  rays  intercepted  by  the  sides  of  the  collector 
enclosure,  as  shown  in  Figure  A. 


lergy  finally  absorbed  by  the 


0 ^ DiR  + I 


DIFF 
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so  that  at  normal  solar  incidence,  S = O in  the  (j  — 5) 
factor.  However,  this  favorable  angle  of  incidence  can 
occur  only  at  solar  noon  and  only  during  a short  period  of 
the  season,  when  the  solar  collector-generator  is  favorably 
inclined. 

At  all  other  times  the  tube  sheet  will  be  at  least 
partially  shaded.  As  is  shown  in  Figure  4,  the  width  W 
of  sunlit  tube  sheet  surface  is  reduced  by  the  amount 
h Cof  © COS • The  length  L is  similarly  reduced 
by  the  amount  hcof  0 CO  5 . The  parameter  S is 

calculated  thus : 

^ r Q C05/g  4-  U/hcofe  COS  <X  - ( h Cof  0 COS Cot  Q CO  b<x) 

WL  ' 

Obviously,  to  minimize  this  undesirable  shading, 
the  collector-generator  should  be  designed  as  shallow  as 
possible. 

Now  consider  the  effect  of  the  tube  and  tube 
spacer  (or  backing  sheet)  geometry  on  the  conduction  of 
heat  through  the  various  configurations  of  the  tube  spacer 
and  tube  toward  the  refrigerant  fluid  in  the  tubes. 

Transmission  Through  the  Tube  Sheet 

For  convenience,  it  is  assumed  that  the  tube  sheet 
is  in  thermal  contact  with  its  surroundings  only  by  way 
of  the  net  radiant  energy  arriving  at  the  upper  surface. 


16. 


with  perfect  insulation  below. 


Figure  5 

The  net  heat  collected  is  the  amount  absorbed  by 
the  tube  sheet  minus  the  amount  lost: 

0COLL_  = <*  I - (fc  + Ka)(TP  - Ta)  • Cl) 

With  no  edge  losses,  and  due  to  the  symmetry  of 
the  tube  and  tube  spacer  pattern,  the  entire  tube  sheet  of 
the  collector-generator  can  be  considered  as  a set  of 
individual  and  identical,  adjacent  finned  tubes,  with  zero 
heat  losses  at  the  fin  extremities  due  to  the  temperature 
symmetry. 


Assume  that  the  above  segment  of  a solar  collector- 
generator  tube  and  adjacent  half  spacers  (fins)  are  being 
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uniformly  irradiated  from  above  and  that  one -dimensional 
heat  flow  is  occurring  along  the  fins  from  the  extremities 
toward  the  tube  which  is  at  some  constant  temperature. 

Neglect  any  temperature  variation  along  the  tube  axis  and 
consider  only  a segment  of  width  Acj  measured  in  a direction 
parallel  to  the  tube  axis. 

The  conduction  heat  flow  area  is 


A p - B A y . 


At  location  X , the  rate  of  heat  collection  is 


Qu.-*  = Qa  - VL  (Tp  - Ta)  . 


(Z) 


The  heat  flow  through  the  fin  at  this  location  is 


Q - *KAf  clTg  = -KBAudji.  (5) 

d x J H Y 


d X 


The  heat  gain  through  the  area  Aydx  on  top  of 


the  fin  element  is 


dQ  dx 


KB  At)  d*  I.  dx.  (4) 


d x 


In  terms  of  heat  collected,  this  can  be  expressed 


as 


c)0  dx 
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Combi.ning  equations  2,  4,  and  5, 


This  differential  equation  has  the  general  solution: 


TP  - c,  cbx  + cz  e b -+-  ta  + Qa  . fa) 

L 

The  constants  and  are  determined  by  the 
boundary  conditions: 


dTp 

dx 


= O 


a 


nd  Tp 


- Tr 


X^O 

C,  - C, 


'X-L 


- Tt  ~ Ta  - ®a/l 

qIdl  _ ^ - et 

With  this  substitution  the  equation  becomes 


(7) 


Tp  - r7 


T 


cosh  bx 

cos  hlo  L 


1 

T 


Ta 


Qa 

Qu 


bx 

COS  h bi_ 


_ cos  n 


. C8) 


Since  the  average  heat  collection  rate  is  equal  to 
the  total  heat  flow  at  the  tube  junction  divided  by  the 
surface  area. 


Qc-jAVE,  - -Q-*.  " L . ■ . 

L AH 

v) 

From  equation  3 

Qu.  - Qy-  L - -KB  dTp  _ (9) 

LA'j  L dx 
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Differentiating  equation  8 and  substituting  in 
equation  9 9]  , 


Tank  bL 


TUBE  SHEET 
OR  FIN 
EFFICIENCY 


Qa  - (Tt  - Ta)  • 


V. 


'v' 


(10) 


USEFUL  COLLECTION  RATE  IF 
THE  ENTIRE  FIN  WERE  AT  THE 
TEMPERATURE  OF  THE  TUBE  JUNCTION 


In  this  investigation,  an  integral  tube  sheet  con- 
figuration was  not  used  m building  the  collector-generator 
because  of  the  cost.  Instead,  a grid  of  pipes  bonded  to  a 
backing  sheet  was  made  up  from  available  material.  In 
cross-section,  the  configuration  is  as  shown  in  Figure  7. 


To  analyze  the  heat  transfer  through  this  type  of 
igurat ion , consider  such  an  array  of  equally  spaced 
parallel  tubes  with  outside  diameter  Q and  inside 
diameter  cl;.  , spaced  Vv  feet  on  centers  and  bonded  to  a 
single  backing  sheet  or  collector  plate.  The  bond  width 


will  be  assumed  to  be  the  same  as  the 


cube  outside 


diameter . 
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The  thermal  conductivity  of  this  bond  will  be  designated 
as  Uc  BTq/HR-FT*  . 

The  following  simplifying  assumptions  will  be  made: 

1.  The  tube  wall  resistance  is  negligible  as  com- 
pared to  all  other  thermal  resistances. 

2.  The  division  of  sunshine  reaching  the  plate  is 
such  that  the  fraction  c ]/w  is  absorbed  on  the 
tubes  and  ( | — cj/^Q  is  absorbed  by  the  plate. 

3.  The  loss  rate  factors  of  the  tubes  and  of  the 

backing  sheet  are  proportional  to  the  ratios  of 
their  projected  areas  d/W  and  ( I - d/w) 
respectively.  ' 

The  following  heat  transfer  rates  can  be  written, 
all  on  the  per-square-foot-of-collector  basis: 

The  useful  heat  gain  from  the  sunshine  striking  the 

tubes  is 

“ ~i 


Q u-  Tu 


BES 


w 


Qa  - eR  - UL  (tt  -ta) 


. ('0 


The  useful  heat  gain  from  the  sunshine  striking  the 
backing  sheet  is 


Qu-  PLATE  = _d.jp  Qa  -€R~U,_(tt  "Ta) 
The  heat  transfer  through  the  bond  is 

= cLU  (Tc-Tt). 


.(12) 


(13) 


Qu-PuATE 
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The  heat  transfer  from  the  tube  to  the  fluid  is 

Qu.  - jr. <1  hc  (t  - x ■) . (m) 

w 

The  total  useful  heat  gain  is 


0 


u - 


Q u - 


U - TUBE 5 


+ Qu- 


PLATE 


0 5) 


The  simultaneous  solution  of  the  above  set  of  five 
equations  involves  fifth  order  determinants.  The  rather 
voluminous  computations  have  been  carried  out  by  Bliss 
[is]  and  the  result  is 

F ' 1 6 6) 


W Ul 
TTcpV 


I 


w 


+ 


d Uc 


d F 


W 


where  F is  the  overall  collection  plate  efficiency  factor 
for  the  configuration  with  tubes  bonded  to  a backing  sheet 
and  F is  the  fin  efficiency  factor  as  defined  previously 
in  equation  10  for  the  integral  tube  sheet  collector 
configuration. 

In  the  case  where  the  resistance  of  the  tube  bond 


is  negligible,  — r- = 0,  and  equation  16  reduces  to 

'-'c 


r~  / 


WlA. 
K d;  h, 


Or) 


-d~  -v-  (\  _ _d_ ) p 

W \ w j 
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Actual  calculation  of  typical  resistances  of  the 
tube  walls  and  convective  films  shows  that  the  assumption 
made  above,  that  the  tube  wall  resistance  is  negligible, 
is  reasonable.  Furthermore,  this  justifies  the  assumption 
that  the  entire  tube  circumference  is  at  some  constant 
temperature,  at  least  where  single-phase  flow  inside  the 
collector-generator  tube  is  concerned. 

This  single-phase  flow  will  occur  at  the  lower 
entrance  regions  of  the  collector-generator  tubes  where 
the  subcooled  strong  ammonia  liquor  is  fed  to  the  inclined 
tubes  of  the  tube  sheet.  At  the  low  liquid  flow  rates 
anticipated,  laminar,  single-phase  flow  should  occur  at 
least  up  to  the  location  where  the  mixture  reaches  the 
saturation  temperature.  This  heat  transfer  to  the  single - 
phase  fluid  from  the  heated  tubes  will  be  treated  in  the 
following  section. 

Transmission  to  the  Refrigerant  Fluid  in  the  Single- 
Phase  Region 

The  basic  equations  for  conservation  of  energy, 
conservation  of  momentum,  and  continuity  will  apply  for 
the  single-phase  flow  occurring  in  the  collector-generator 
tubes.  These  expressions  are  commonly  written  in  vector 
notation  and  for  energy,  momentum,  and  continuity  are, 
respectively: 
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J2L  = ocV^r 

dr 


Huj. 

dr 


9 


grad  P + OJ  , a 


d oo 

d r 


o . 


For  laminar,  steady  flow  in  a tube,  P Ou  _ 0 

J . dT 

and  where  the  laminar  velocity  profile  is  assumed  independ- 
ent of  gravity  effects,  equation  19  becomes 


J_  d oj  'N 

R d R J 


— O , or 


dY  2 Tr  R yu  du-L\ 

dR V dR  / 


Z TrR  d 2. . fed) 

dX 


Upon  integration,  this  becomes 


M duJ  _ _R_  dP 
x dR  2 dx 


-1-  c,  . 


Since  dull  -0  due  to  symmetry,  C - 0 

CiR/R=0  “ 

Integrating  again,  and  applying  the  boundary  con- 
dition C o']  - Oj  the  velocity  distribution  becomes 

J K=R/ 


Oj 
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The  average  velocity  is 


■R, 


co  - 


TTR^ 


2 Tr  R cu  dR  - Rl  dP 


6/t  dX 


Thus,  in  terms  of  average  velocity  OJ  , the 
general  expression  for  the  laminar  velocity  profile  be- 
comes 


Co  = 2 co 


(2  1) 


The  energy  equation  18  for  symmetrical  flow  is 


K(i 


T 


+ = c/>4H+coR^T  + wxdl\(22) 

'3R1  R g>R  £>RV  UT  <JR  2>xy 

Again,  for  fully  developed,  steady,  symmetric 
flow,  c3  ~R  - O , and  combining  equations  21  and  22, 

dT 


4“ 


dRz  R dR 


0T  _ 2 to 


cx. 


<31  _ ilx 
(i-r  d x* 


(25) 


This  equation  can  be  simplified  by  introducing  the 
Feclet  number,  P<0  = and  the  following  dimensionles: 
coordinates  ^oj  : 


cx. 


©=■- 


- Tc 


sal. 


T 


Tu,  - 


fc  = 


= _R 
p, 


x 


jl  A©.. 

<}£*  € a 6 


Pe  (l  - £*)&Q 

dX 


- X 
R; 


dX1 


(?-4) 
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negligibly  small  in  order  of  magnitude.  The  remaining 
equation  can  be  partially  solved  by  assuming  a product 
solution  of  the  form 


With  this  substitution,  equation  24  becomes  the 
following  ordinary  differential  equation: 


equation  and,  given  the  boundary  conditions  existing  at 
the  entrance  section  of  the  collector-generator  tubes,  it 
can  be  solved  by  the  classical  methods. 


sections  of  the  collector-generator  tubes  where  the  enter- 
ing liquid  refrigerant  is  subcooled.  In  the  following 
analyses,  the  effects  of  vapor  generation  on  the  heat  trans- 
fer to  the  two- phase  mixture  in  the  collector-generator 
tubes  will  be  considered. 

Bubble  Growth  and  Motion  in  the  Collector-Generator 
Tubes 


O 


This  is  recognized  as  the  modified  Bessel's 


The  preceding  analysis  will  apply  only  to  lower 


The  physical  condition  of  the  inner  surfaces  of 
the  collector  tubes  will  have  an  important  bearing  on  the 
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initiation  of  vapor  bubbles  when  the  tube  walls  become 
heated,  since  it  has  been  shown  that  surface  roughness, 
microcavities , foreign  particles,  and  other  irregular- 
ities can  serve  as  nucleation  sites  for  the  vapor  bubbles. 
Without  these  nucleation  sites,  vapor  bubbles  theoreti- 
cally could  not  start  to  form  without  degrees  of  superheat 
far  in  excess  of  those  experimentally  observed. 

Now  consider  a spherical  bubble  starting  to  form 
at  some  microcavity  or  irregularity  on  the  inner  surface 
of  a collector-generator  tube  and  at  equilibrium  with  its 
surrounding  fluid.  To  find  an  expression  for  the  degrees 
of  superheat  required  to  initiate  the  bubble  formation, 
the  force  equation  (to  be  derived  later)  is  written  first: 

P,  - Pu  - V ■ (25) 

With  a perfect  gas,  the  Clausius-Clapeyron  equation 
is,  along  the  saturation  line, 


dP  ^ 
dT 

*Vq  ?v  hfq  Py 

t ~ ' 

(26) 

p,  - K 

— ( " Tsa t)  • 

dT 

(21) 

Integrating  equation  26  and  combining  with  25  and 
27,  the  following  expression  is  obtained: 
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SAT  ~ B\  Ts AT  Ty  J.  ( 1 i ~2  (T 

^ 1 V 1 d n 


n 


RR 


(28) 


Since  (Tv-TSat)  is  very  small,  for  high  pressures, 
such  as  those  which  will  exist  in  the  collector-generator , 
equation  28  then  simplifies  to 


Ty  - rSAT  = £ Tsat  6 


(29) 


R. 

This  is  approximately  the  superheat  required  for 

a bubble  of  radius  R,  and,  theoretically,  bubbles  of  a 
% 

smaller  radius  will  collapse  and  bubbles  of  a larger 
radius  will  grow. 

The  first  consideration,  once  the  bubble  has 
started  to  grow  on  the  surface  of  the  collector-generator 
tube,  is  the  rate  of  heat  transfer  to  the  bubble.  To 
analyze  this,  consider  first  a system  comprising  a spherical 
bubble. 


Figure  3 
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The  energy  equation  is: 

dQ  = dhnhfs  -+  du  + PvdVv.  (30) 

Since  the  pressure  of  the  vapor  within  the  bubble 
is  greater  than  that  of  the  surrounding  fluid  because  of 
the  surface  tension  at  the  curved  interface,  the  force 
equation  for  the  stationary  bubble  system  is: 


- (Pv)a  - (Pl)3  - zttr c =0 


Thus  tne  energy  equation  becomes 


dQ  - dm  +du  + + PL)  dVv>  or 

r\ 


dQ  - hfs  d \Vrpv)  + [M  + R.)  dVv  + du  . (31) 


For  a spherical  bubble  with  no  internal  energy- 
change  \/=4.TrR3  and  dV-4TTR3.  Thus,  with  pv 


Integrating  from  R~0  (bubble  initiation)  to  P-  R 

o-  (hf3^  +^  + Pj. 

The  three  terms  on  the  right  represent,  respectively, 
the  vaporization  energy,  the  work  of  expanding  the  surface 
tension  !'fi.lm,M  and  the  work  of  pushing  back  the  surround- 
ing fluid  [Z\]  • 

Determining  the  rate  of  bubble  growth  while 
attached  to  the  heated  tube  wall  is  somewhat  more  complex 
and  involves  the  solution  of  a partial  differential  equation 
derived  by  Rayliegh  in  1917  • 


R , 3 ZdR 

ar*  1 zva>r 


4-  - Pv  - R 

/2R  " 


* 


(32) 


Fritz  and  Ende  [»]  formulated  a solution  of 
Rayliegh* s equation  of  the  following  form  which  has  been 
shown  to  approximate  the  experimental  data  [24]  *. 
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Once  the  bubble  has  reached  a size  where  buoyant 
forces  of  the  surrounding  fluid  in  the  collector-generator 
tube  become  significant,  it  will  grow  only  until  it  reaches 
a characteristic  departure  diameter  determined  by  the 
dynamics  of  the  surrounding  refrigerant  fluid,  as  well  as 
by  the  buoyant  and  adhesive  forces  at  the  collector- 
generator  tube  surface.  A complete  analysis  of  the  bubble 
system  at  departure  is  not  available  in  the  literature  but 
Frit,  [Z5]  , considering  only  the  buoyant  and  adhesive 
forces,  proposed  the  following  expression  for  the  bubble 
radius  at  departure: 

Rd  = O.OZ.I  © -\jSL . fe/N 


where  0 is  the  contact  angle  in  degrees. 

Once  the  bubble  has  left  the  heated  collector- 
generator  tube  surface  it  will  start  to  rise  in  the 
surrounding  fluid  until  it  strikes  the  upper  tube  wall, 

then  follow  this  wall  in  an  axial  direction  and  eventually 
reach  the  liquid  surface. 

If  the  surrounding  refrigerant  fluid  is  at  satura- 
tion temperature,  the  heat  effects  will  be  of  lesser 


importance  than  the  dynamic 
rise  velocity  of  the  bubble 


forces  in  determining  the 

[*']  • 
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Now,  consider  a bubble  that  has  reached  the 
departure  radius  and  has  just  left  a spot  on  the  collector- 
generator  tube  surface,  and  has  started  to  rise  into  the 


For  the  isolated  bubble  system  shown,  the  momentum 
equation  is 


= d-(mvv3)  = -fd,o r 

Qt  j« 


+ \'u  djvny  - (yy\,  -Tnv)  9 - F. 
dt  ]dt 


Since  it  has  been  observed  that  a rising  bubble  quickly 
reaches  a terminal  velocity,  the  acceleration  term  on  the 
left  sice  of  the  equation  will  be  neglected.  Also,  if 
there  rs  no  further  condensation  or  vaporization  into  or 
out  ox  the  bubble  system,  the  bubble  will  be  assumed  to 
have  constant  mass,  and  J^TLv  — Q 

It 


(This  will  be 
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approximately  the  case  existing  in  the  nucleate  boiling 
regions  of  the  collector-generator  tubes,  since  it  is 
assumed  that  the  surrounding  refrigerant  fluid  is  saturated.) 
Thus,  equation  35  is  reduced  to  the  following  expression 
for  the  drag  force  acting  on  a bubble  during  the  time  it 
is  rising  vertically  in  the  refrigerant  fluid  in  a 
collector-generator  tube: 


It  can  be  seen  that  the  drag  force  on  the  bubble 
acts  similarly  to  that  resisting  force  acting  on  a sphere 
moving  steadily  through  a viscous  fluid.  Thus,  the  problem 
of  the  bubble  rising  in  the  collector-generator  tubes  can 
be  thought  of  as  a problem  in  hydrodynamics.  This  partic- 
ular problem  was  solved  by  Stokes  in  1854  \Z6j  * His 
solution  for  the  drag  force  acting  on  a sphere  of  radius 
R was: 


6 TT  R /A  V 

9, 


To  obtain  an  expression  for  the  rise  velocity  of 
a bubble  in  the  collector-generator  tube,  equations  36 
and  37  are  solved  for  FD  and  the  following  result  is 
obtained : 
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This  result  agrees  very  closely  with  experimental 
observations  Jjg  7^  of  bubble  rise  velocities  where  the  bubble 
Reynolds  number,  , is  less  than  2.  ReB  is  defined 

as 

Re8  ^ Jg  R V ./?.  . 

I'  ^ drag  coefficient  for  bubbles  with  Rea  <- Z 
is 

Cp  - - . cohere  Cr  - 2 9c  F0 

R-b  d 

For  bubble  sizes  in  the  range  •^'200, 

Robinson  [za]  found  Cp  =.  18.5 

For  convenience,  up  to  this  point  in  the  analysis, 
only  the  individual  bubbles  have  been  considered.  However, 
the  bulk  flow  of  vapor  along  the  collector-generator  tube 
walls  will  have  important  effects  on  the  heat  transfer  to 
the  fluid  from  the  heated  tube  walls.  This  bulk  flow  of 
vapor  will  be  made  up  of  the  many  bubbles  of  vapor  boiled 
out  of  the  refrigerant  fluid  in  the  collector-generator 
tubes. 

As  an  introduction  to  the  rather  restricted  boiling 
pattern  wnich  occurs  within  an  inclined  collector— generator 
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Figure  11^29] 


Figure  12  [Si] 
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tube,  consider  first  the  several  types  of  boiling  which 
can  occur  at  a heated  surface  in  a "free1'  liquid,  and  then 
compare  these  phenomena  to  the  types  of  boiling  that  have 
been  observed  inside  vertical  and  inclined  tubes. 

t 

Figure  11  illustrates  the  regimes  of  boiling  heat 
transfer  in  a free  liquid  • 

The  boiling  regimes  shown  in  Figure  11  have  a 
correspondence  with  the  types  of  two-phase  flow  that  can 
occur  with  various  heat  transfer  rates  in  an  inclined  tube 
such  as  that  in  a collector-generator.  To  show  this 
correspondence  compare  the  regimes  of  Figure  11  to  the 
various  flow  regimes  that  have  been  observed  in  vertical 
or  inclined  tubes  as  shown  in  Figure  12 0 

Region  A in  Figure  12,  which  represents  the  single 
phase  flow  at  the  entrance  of  a collector-generator  tube, 
corresponds  to  Regime  I of  Figure  11.  Regions  B and  C 
correspond  to  Regime  II  and  part  of  Regime  III.  At  the 
higher  heat  transfer  rates  of  Regime  III  and  for  at  least 
part  of  Regime  IV,  Region  D would  correspond,  with  transi- 
tion from  slug  flow  to  annular  flow  probably  occurring 
without  a distinct  transition  point,  since  this  is  a very 
unstable  type  boiling. 


In  the  collector-generator  tubes.  Regions  A, 

B,  and  C,  and  Regimes  I,  II  and  III  will  represent  the 
usual  types  of  flow  and  heat  transfer  occurring,  although 
it:  is  possible  that  Region  D or  E type  flow  could  occur. 
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If  a sudden,  heavy  refrigeration  load  is  applied  by  opening 
the  expansion  valve  too  quickly,  the  resulting  high  rate 
of  vapor  evolution  along  the  inclined  tubes  could  cause 
slugging  or  boil-over  into  the  condenser. 

In  the  regime  of  nucleate  boiling  which  will  occur 
along  the  collector-generator  tubes,  there  will  be  a bulk 
flow  of  vapor  along  the  upper  segment  of  the  tube  flow 
section,  as  shown  in  Figure  13. 


This  segment  of  vapor,  consisting  of  the  accumula- 
tion of  vapor  bubbles  rising  along  the  collector-generator 
tubes,  will  affect  the  heat  transfer  from  the  heated  tube 
walls  to  the  refrigerant  fluid,  depending  on  the  magnitude 
of  the  vapor  fraction,  which  is  defined  as  the  ratio 

FLOW  AREA  OF  THE  VAPOR  _ Am 

TOTAL  CIRCULAR  FLOW' AREA  ~ * 


Figure  13 
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Although  preliminary  calculations  show  that  the 


vapor  fractions  occurring  in  the  collector-generator 
tubes  will  be  less  than  5 per  cent,  the  general  problem 
of  the  effect  of  the  vapor  flow  upon  the  heat  transfer  to 
the  refrigerant  fluid  in  an  inclined  tube  will  be  considered 
in  the  following  section,, 

The  Effects  of  the  Vapor  Fraction  on  Two-Phase  Heat 
Transfer  in  the  Inclined  Collector-Generator  Tubes 


a heated  tube  of  inside  diameter  D inclined  at  an  angle  (f> 
above  the  horiznnt-fll  . 


For  this  analysis,  select  an  elemental  section  of 


Figure  14 


Figure  15 


Momentum  equation  for  the  vapor: 
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Momentum  equation  for  the  liquid: 

-d£AL  - Xi  Dsmoc  -xWl  (ir-  <*)  D = 
dx 

4_(^uVl)  1 + VU1 2 -PlAlo  si «<t>  dx 
37  Sc  ci*  % 1 

Energy  equations: 


(.40) 


i tTDX  = 7Viv  h^ro  , or  dmy  _ H-  TTD  . (4  | 42) 

A 3 dK  A hfJ 

Continuity  equations: 

. ^ ' Pv  Vv  J "^AuVl  . (43) 

To  arrive  at  an  expression  for  the  vapor  fraction 
^v/At  ’ the  reasonat>le  assumption  is  made  that,  within 
the  elemental  section  dx,  the  pressure  drop  across  the 
vapor  is  of  the  same  value  as  the  pressure  drop  across  the 
liquid o Then,  in  equations  39  and  40,  d P is  eliminated 
with  the  following  result:  ^ ^ 


-T:  D Sina-rWl  <xD-  d f i 


T D sin  - % 


(tr-«)p  -^VnLV,)l  +/>A  q Sir  I p dx 


(44) 


39 


This  can  be  reduced  to  a useful  form  if  certain 


simplifications  are  made.  An  order  of  magnitude  analysis 
of  the  friction  forces  acting  and  of  the  gravity  effects 
on  the  area  ratios  indicates  that  the  shear  terms  and  the 
gravity  terms  may  be  neglected  insofar  as  their  effects  on 
the  changes  in  area  ratios  are  concerned.  For  flow  con- 
figurations such  as  a tube  in  a solar  collector-generator, 
where  the  mass  flow  of  the  vapor  is  small  as  compared  to 
the  total  mass  flow  rate,  the  terms  controlling  the  vapor 

fraction  are  those  for  the  momentum  changes  in  the  vapor 
« 

caused  by  the  addition  of  vapor  to  the  vapor  flow  by 


evaporation  occurring  in  the  elemental  length  [30]  . If 


we  equate  these  significant  terms,  eliminating  the  velocity 
variables  by  means  of  the  continuity  equations,  the  follow- 
ing expression  is  obtained; 


Using  the  energy  equations  41  and  42  to  eliminate 


VV\  v anc^  d nr\v  , equation  45  becomes 


dx 


d A,  _ _ Z_  K x R.  K 


dx  vn*  pv  ^ 


5 


or 


cMl  = -Zy£R  A\ 

dx  K p,  (Ar  -A? 


(jjh 


ere 


K 5 i 
A 


7r. p 


0n  d A T = Av  + Au 


Separating  the  variables  in  equation  46  and 
integrating,  the  following  expressions  are  obtained, 


At  z At  A l + A u j A 

A? d/Al-  = 


K"  & xdx 
/? 


+ z A + Ml  = -.2j<’  £ c . 

Au  m*  Z. 

4 A - z /«  Al  = **  + c 

Al  vn*  ^ 


Applying  the  boundary  condition  A ) = At 

vy-o  5 

i.e.  vaporization  begins  at  X-0  , che  value  of  the 
constant  C is: 


C = -3-2  In  At  . 


41 


Finally  the  equation  becomes: 


(k)  '4fc)  + zUk  + 3 = * 


XV, 


(41) 


From  tne  geometry  or  circular  areas  and  segments 
expressed  in  polar  coordinates,  as  shown  in  Figure  15,  the 
liquid  fraction  is: 


At  = 
At 


- (~  - J-  Sin  2°<) 
Vlr  2-tt  / 


and  the  vapor  fraction  is: 


A = 

Ar 


<x 

7r 


2.  TT 


Sin  'Z.cK 


Cab) 


Obviously,  since  the  desired  expression  OlL  is 

Aj- 

not  explicit  in  equation  47,  an  iterative  solution  will  be 

needed  to  evaluate  the  vapor  fraction  as  a function  of  tube 

length  X . If,  as  was  assumed  for  the  collector- 

generator  tubes,  the  calculated  vapor  fraction  proves  to 

be  small,  the  assumption  of  a mean  heat  transfer  rate  jr_ 

A 

in  equata.ons  41  and  42  is  reasonable  and  could  be  closely 
approximated  by  JL  , where  A[  is  the  collector-generator 

'~'L 

tu be  surface  area  wet  by  the  liquid  refrigerant. 

Thus,  in  the  solar  collector-generator  tubes,  the 
distribution  of  convective  heat  transfer  area  between  that 
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of  the  ammonia  liquor  film  and  that  of  the  ammonia 
vapor  film  will  be  determined  by  equations  47  and  48. 
Fortunately,  under  the  usual,  steady  operating  conditions, 
the  vapor  fraction  will  remain  small  in  the  collector- 
generator  tubes.  Thus,  almost  all  the  tube  walls  will  be 
wet  by  the  refrigerant  fluid,  giving  better  heat  transfer 
than  would  result  if  a large  proportion  of  the  tube  walls 


were  in  contact  with  the  vapor. 

The  energy  flow  starting  as  incident  solar  energy 
has  been  traced  through  the  many  complex  paths  of  the 
entire  collector-generator  unit.  Now  that  it  has  finally 
emerged  as  the  latent  heat  of  vaporization  of  ammonia, 
the  next  consideration  will  be  to  relate  this  ammonia 
generating  function  of  the  solar  collector-generator  to 
that, of  the  other  components  making  up  the  complete 
absorption  refrigeration  system. 

The  iheory  of  Operation  of  the  Complete  Solar  Driven 
- Refrigeration  System  

The  ammonia  generating  function  of  the  collector- 


generator  and  the  part  it  plays  in  the  complete  system  can 
be  made  clear  by  following,  in  the  diagram  below,  the  flow 
°-  energy  and  fluids  through  the  various  components  of  the 
system*  Since  there  is  a distinct  separation  cf  dry 
ammonia  vapor  flow  and  the  flow  of  the  ammonia  water  solution, 
cue  system  is  best  described  by  considering  each  of  these 


sections  in  turn 


SOLAR  ENERQV 
| } | | | 


Figure  16 

Amnion i a Section 

The  left  half  of  the  flow  diagram  represents  the 
actual  cooling  part  of  the  syscem.  Starting  with  the 
collector-generator,  it  can  be  seen  that  its  function  is 
to  convert  solar  energy  input  to  ammonia  vapor  output. 

The  ammonia  vapor  given  off  by  the  collector-generator  at 
A is  led  to  a water  cooled  condenser.  Here,  the  vapor 
gives  up  heat  and  becomes  liquid  ammonia. 

This  high  pressure  liquid  is  allowed  to  expand 
from  E to  C to  a lower  pressure  in  the  evaporator.  Furthi 
evaporation  of  the  liquid  ammonia  occurs  here  and  the 
resulting  absorption  of  heat  is  used  to  chill  water  for 
refrigeration  cr  air-conditioning.  The  ammonia  vapor 
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leaves  the  evaporator  and  enters  the  absorber  at  D where 
it  is  drawn  by  its  high  affinity  for  water.  Coming  in 
contact  with  the  spray  mist  in  the  absorber,  the  ammonia 
vapor  is  dissolved  in  the  water,  the  heat  of  solution 
being  carried  away  by  the  absorber  cooling  water. 


Ammonia  Liquor  Sec t ion 

This  part  of  the  system  occupies  the  right  half  of 
the  flew  diagram.  A strong  ammonia-water  solution  of 
about  60  per  cent  ammonia  by  weight  is  pumped  from  the 


absorber  at  1 through  valve  2.  Between  2 and  3 this  cool 
liquor  picks  up  some  heat  from  the  weak,  hot  liquor 
leaving  the  collector-generator  at  4.  At  3,  the  strong 
liquor  enters  the  solar  collector-generator  wherein  the 
solar  heat  boils  off  part  of  the  ammonia.  The  resulting 
weaker  liquor,  of  about  40  per  cent  concentration,  is 
drawn  off  from  the  collector-generator  at  4.  Part  of  its 
heat  is  given  up  in  the  heat  exchanger  between  4 and  5. 

This  weak  solution  is  led  into  the  absorber  at  6 where  it 
is  sprayed  as  a fine  mist  to  allow  a large  surface  area 
of  contact  with  the  dry  ammonia  vapor  entering  the  absorber 


at  D.  By  recirculation  of  liquid  around  the  flow  loop  1, 
7,  6,  the  ammonia  liquor  in  the  absorber  can  reach  a con- 
centration of  about  60  per  cent,  depending  on  the  cooling 
water  temperature.  The  resulting  strong  liquor  is  then 
cycled  again  through  the  loop  1,  2,  3,  4,  5,  6.  It  should 
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be  noted  that  this  ammonia  liquor  loop  performs  the 
function  of  the  compressor  in  a conventional  ammonia 
compression  refrigeration  system,  with  the  advantage  that 
the  absorption  system  requires  a much  smaller  work  input 
to  the  liquor  pump. 

To  obtain  a performance  factor  for  the  entire 
cycle,  a heat  balance  is  written  for  the  refrigeration 
system.  The  First  Law  of  Thermodynamics  requires  that  the 
total  energy  added  to  the  system  from  the  surroundings  must 
equal  the  energy  rejected  to  the  surroundings.  If  the 
pump  work  is  neglected, 

4 

Q<sen  + Q£vap  = Qabs  + QCcmD  . (49) 

The  performance  factor  is  defined  as  follows: 

n pr  _ REFRIGERATION  EFFECT  Q , x 

HEAT  ADDED  ~ -£Vfrg-  - (5  0 ) 

Qqen 

During  steady  state  operation  of  the  ideal  closed 
cycle,  the  net  entropy  change  of  the  fluid  is  > O i * 


As  = ASr£W  f AS  + AS  ■>  0 

eyap  ^ jq  -y  u • 


A 5 — _ _ Qgy/. 


QEIV 


T£ 


VAP 

YAP 


Q£ 


O 


(Si) 
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Combining  equations  49  and  51,  the  result  is 


^ Q EVA  P 


fez) 


Now,  equation  50  can  be  written: 


or,  for  a completely  reversible  system 


Tseiy  (T.  - TevAP) 


(54) 


It  is  interesting  to  note  that  equation  54  tells 
us  that  tne  maximum  attainable  performance  factor  for  the 
* absorption  system  is  equal  to  the  coefficient  of  perfor- 
mance tor  a Carnot  refrigerating  cycle  working  between 
temperatures  T£Vap  and  X multiplied  by  the  efficiency 
of  a Carnot  engine  working  between  the  temperatures  TqEM 
° • The  equation  also  shows  that  the  performance 
factor  will  increase  with  increase  of  the  generator 
temperature  TqEN  and  with  increase  of  temperature  of 
the  refrigerated  region  7 evap  » The  actual  performance 
factor  is  usually  much  lower  than  that  given  by  equation 
54, 


CHAPTER  V 


DESIGN  OF  THE  MODEL 


General  Objectives 


Among  the  factors  important  in  the  design  of  an 
operating  solar  collector-generator  are,  heat  transfer 
characteristics,  economics,  fluid  flow,  corrosion 
resistance,  and  strength  of  materials.  Taking  these 
factors  into  account,  the  specific  objectives  in  this  de- 
sign were : 


1.  To  achieve  the  best  heat  transfer  efficiency 
per  unit  cost  of  the  collector-generator. 

Allow  for  optimum  vapor-liquid  flow  where  these 
two  phases  appear  together  in  the  system. 

3.  To  provide  for  complete  separation  of  the  vapor 
phase  and  the  liquid  phase  at  strategic  points 
in  the  system. 

4.  To  employ  materials  of  construction  that  will 
resist  corrosion  by  the  highly  alkaline  ammonia 
solution. 


5.  To  design  all  parts  to  withstand  internal  work- 
ing  pressures  up  to  200  pounds  per  square  inch. 

The  letter  two  objectives  were  met  by  using 


standard  steel 
To  meet 
of  the  effects 
involved  in  the 


pipe  for  all  construction. 

the  first  objective,  an  analysis  was  made 
of  several  cf  the  most  important  variables 
selection  and  placement  cf  the  pipes  and 


steel  sheet  used  in  making  the  collector-generator. 

Design  of  the  Tube  Sheet 

A frontal  area  of  4 by  4 feet  having  been  chosen 
arbitrarily,  the  tube  lengths  were  fixed  at  48  inches. 
This  left  the  following  variables  to  be  considered  in 
meeting  the  first  objective: 

1.  Center  to  center  tube  spacing  - 2 to  10  inches 

2.  Tube  diameter  - 3/4,  1,  1-1/4,  and  1-1/2  inch 
O.D. 

3.  Sheet  thickness  - 1/16,  1/8,  and  3/16  inch. 

Using  the  efficiencies  given  in  equations  10  and 

17,  calculations  were  made  of  the  collector  efficiency, 
and  collector  efficiency  per  unit  weight.  A series  of 
calculations  were  made  for  each  of  the  increments  shown 
above.  The  results  of  these  calculations  are  shown  in 
> Figures  17,  18,  19,  and  20. 

In  addition  to  the  effects  just  considered,  the 
effects  of  tube  diameter  on  the  two-phase  flow  uo  the 
incxmed  tubes  of  the  collector-generator  were  also  con- 
sidered. 


In  certain  small  tube  sizes,  it  is  possible  that 
the  bubble  generation  rate  could  be  so  high  that  the  tube 


would  be  completely  choked  with  vapor,  greatly  limiting 
tne  heat  transfer  to  the  liquid.  To  estimate  a steady 


state  maximum  bubble  formation  rate. 


the  total  vapor 
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Figure  17 
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generation  rate  was  calculated  for  the  maximum  possible  heat 
transfer  per  tUDe.  It  was  found  that,  for  1— inch  diameter 
tubes  spaced  4 inches  on  center,  at  the  maximum  possible 
insolation  rate,  a minimum  average  bubble  rise  velocity  of 
0*159  inches  per  second  would  be  required  to  prevent  any 
net  accumulation  of  vapor  in  the  immediate  area  where 
formed. 

Jakob  [33]  measured  vertical  rise  velocities  of 
13  inches  per  second  for  steam  bubbles.  Xf  the  order  of 
magnitude  of  this  measured  velocity  is  representative 
for  the  collector-generator  tubes,  then  no  appreciable 
vapor  accumulation  should  occur  in  1— inch  diameter  tubes. 
However,  the  collector-generator  tubes  are  not  vertical. 

Thus,  further  information  was  needed  concerning 
the  ratios  of  bubble  flow  velocities  in  inclined  tubes 
. .to  the  velocities  in  vertical  tubes.  A search  of  the 
literature  was  made  without  success. 

To  expedite  the  design,  a series  of  simple  experi- 
ments were  performed  measuring  the  rise  velocities  of 
bubbles  in  an  inclined  tube.  These  experiments  and 
their  results  are  described  in  the  next  section. 


The  Effect  of  Tube  Inclination  on  Two-phase  Fl ow 

To  approximate  as  closely  as  possible  the  diameter 
cina.  a. eng t.i  or  mie  actual  tubes  in  the  collector-generator, 
the  bubble  flew  experiment  was  devised  using  a glass  tube 
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figure  21 
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48  inches  long,  and  of  1.12  inches  inside  diameter.  This 
tube  was  filled  with  water  and  arranged  so  that  the  rise 
time  of  air  bubbles  could  be  timed  as  the  tube  was  inclined 
at  each  different  angle. 

The  results  of  this  series  of  experiments  were 
quite  significant  and  are  shown  in  Figure  21.  From  the 
characteristic  shown  by  the  curves,  and  from  other 
observations  made  during  the  experiments,  the  following 
useful  conclusions  can  be  made: 

1.  All  the  various  sizes  of  bubbles  quickly  reached 
their  terminal  velocity  for  each  of  the  dif- 
ferent inclinations. 

2.  There  was  a very  rapid  increase  of  all  bubble 
velocities  as  the  inclination  was  increased 
from  1 degree  to  5 or  10  degrees,  with 
relatively  little  increase  occurring  in  the 
range  of  inclinations  from  15  to  75  degrees. 

3.  Most  of  the  bubbles  had  a maximum  velocity  at 
inclinations  between  30  and  45  degrees, 

4.  All  the  bubbles  showed  a decrease  in  net 
vertical  velocity  as  the  tube's  inclination 
approached  90  degrees,  due  to  the  appearance  of 
rapid,  sidewise  oscillations  as  the  bubbles 
were  freed  from  the  tube  wall  guidance. 

lb  is  realized  that  air  bubbles  in  water  are  dif- 
ferent from  ammonia  vapor  bubbles  i.n  an  ammonia  water 
solution.  However,  as  was  shown  in  Chapter  IV,  the 
hydrodynamics  of  bubbles  are  functions  mainly  of  diameters, 
densities,  and  viscosities.  If  these  parameters  are 
similar,  then  the  velocity  effects  will  be  similar.  Thus, 
the  vapor  in  the  inclined  collector-generator  tubes 
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should,  rise  as  j.ast  or  faster  than  it  would  in  vertical 
tubes.  If  this  is  true,  then  there  should  be  no  vapor 
choking  in  1-inch  diameter  tubes  due  to  vapor  accumulation. 

In  addition  to  the  two— phase  flow  effects  con- 
sidered above,  the  proper  inclination  of  the  collector 
tubes  is  influenced  by  another  important  factor.  This  is 
the  variation  of  the  solar  incidence  angle  with  the  seasons 
and  by  the  hour , which  will  be  considered  in  the  next 
section. 


Effects  of  Changes  in  the  Solar  Incidence  Angle 

Fo^r  the  most  favor aole  interception  of  solar  energy, 
the  collector-generator  should  be  oriented  and  inclined 
so  that  the  sun's  rays  are  perpendicular  to  the  plane  of 
the  collector  at  solar  noon. 

However,  due  to  the  thermal  lag  of  the  earth  and 
its  atmosphere,  maximum  air  temperatures  appear  a month 
or  more  after  summer  solstice.  Also,  daily  peaks  in  the 
cooling  load  usually  occur  2 or  3 hours  after  noon,  when 
the  altitude  angle  of  the  sun  will  have  decreased  even 
more,  i'or  these  reasons,  selection  of  an  angle  of 
inclination  somewhat  higher  than  the  best  inclination  at 
summer  solstice  is  justified. 


Other  f 
orient a ;ion  of 
latitude  of  the 


actors  affecting  the  inclination  and 
the  solar  collector-generator  are:  the 
location,  the  hours  of  maximum  use,  pre- 
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vailing  weather  patterns,  the  nature  of  the  surrounding 
objects,  and  many  other  minor  considerations. 

Summary  of  the  Design  Considerations  and  Choices 
Tube  Spacing 

The  curves  of  BTU  per  unit  weight  and  of  collection 
efficiency  indicate  that,  within  limits,  tube  spacing  is 
not  critical,  and  that  it  will  be  a compromise  between 
efficiency  and  economy.  A spacing  of  4 inches  on  centers 

was  chosen. 

/ 

Tube  Diameter 

Figures  19  and  20  indicate  that,  although  there  is 
a slight  increase  in  collection  efficiency  as  the  diameter 
is  increased,  no  gain  is  achieved  by  any  increase  of  tube 
diameter  beyond  1 inch.  Therefore,  1-inch  standard  steel 
pipe  was  selected  for  the  13  riser  tubes  in  the  collector- 
generator,  This  size  also  met  the  second  general  objective 
stated  above. 

Backing  Sheet  Thickness 

The  most  efficient  tube  and  sheet  combinations  call 
for  sheet  thickness  far  too  heavy  and  costly.  However,  if 
efficiencies  of  about  75  per  cent  are  acceptable,  sheet 
thicknesses  of  1/16  inch  or  less  can  be  used,  especially  if 
there  is  a good  thermal  bond  between  the  tube  and  the  sheet. 
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A 20  gage  steel  sheet  was  soldered  to  the  back  of  the 
collector  tubes,  with  care  being  taken  that  the  solder 
bonded  to  about  90°  of  the  pipe  circumference. 

Header  for  the  Collector  Tubes 

To  meet  the  third  general  objective,  a large 
diameter  header  was  made  of  a 52-inch  length  of  2-1/2- inch 
standard  pi?e.  Thus  when  the  collector-generator  is 
filled  to  the  half-way  point  in  the  header,  a liquid  surface 
of  130  square  inches  is  provided  to  allow  the  emerging 
vapor  bubbles  to  separate  from  the  liquid  with  a minimum 
of  liquid  carryover  into  the  condenser. 

Inclination  of  the  Collector-Generator 

The  bubble  flow  experiments,  the  two-phase  flow 
consideration,  and  the  solar  incidence  angle  all  point  to 
a choice  of  inclination  angle  between  5 and  40  degrees. 

It  was  decided  to  sacrifice  the  better  solar  input  at  low 
angles  of  inclination  for  better  flow  characteristics  at 
an  angle  of  30  degrees  above  the  horizontal. 


CHAPTER  VI 


AUXILIARY  EQUIPMENT 
General  Procedure 

This  particular  series  of  steps  in  the  investi- 
gation was  only  indirectly  concerned  with  the  stated  object 
of  the  thesis.  Thus,  since  the  optimum  design  of  each 
refrigeration  component  is  a complex  problem  in  itself, 
after  careful  analysis  of  the  theoretical  requirements  for 

j % 

the  various  components,  commercially  available  parts  were 
selected  wherever  possible.  With  the  exception  of  valves 
and  pipe  fittings,  all  the  basic  components  were  machined 
and  welded  together  by  the  writer  from  standard  stock  and 
parts . 

Each  component  of  the  auxiliary  system  was 
essentially  a special  purpose  heat  exchanger.  The  con- 
denser, absorber,  and  evaporator  were  of  the  shell  and 
tube  type.  The  liquor  heat  exchanger  was  made  of  two  con- 
centric pipes. 

In  estimating  the  areas  of  heat  transfer  surface 
needed  for  each  unit,  existing  methods  and  commercially 
proven  data  were  used. 

Condenser 

For  this  design  the  Nusselt  equation  was  considered 
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sufficiently  accurate  for  calculating  the  film  coefficient 
on  the  water  side  of  the  condenser  tubes: 

hi  - fo.0  2 3)(Re)°‘8(Pr)°’4 

For  the  ammonia  side  of  the  condenser  tubes  the 
following,  generally  accepted  expression  was  used: 

/ QllKiK* 


hc  = 0.725 


X DfTv-Ts) 


4- 


At  an  assumed  80  per  cent  overall  collector-generator 

2 

efficiency,  and  with  a solar  energy  input  of  300  BTU/HR-FT.  , 
a total  load  of  3840  BTU/HR  or  64  BTU/MIN  is  the  maximum 
heat  rate  that  the  condenser  must  reject. 

With  an  assumed  temperature  difference  of  10 
degrees  between  the  cooling  water  and  the  condensate,  the 
calculated  areas  of  heat  transfer  surface  varied  between 
0.64  and  4.5  square  feet,  depending  on  the  cooling  water 
velocity. 

The  condenser  was  made  up  with  4 pipes,  each  of 
1/2  inch  nominal  size  and  48  inches  long.  These  were 
symmetrically  spaced  inside  a 3-rnch  pipe,  giving  a surface 
area  of  3.5  square  feet. 

Evaporator 

This  unit  was  sized  by  using  ranges  of  overall  TJ 
values  given  by  ACHRAE  jj52.J  . Depending  on  the  water 
velocities  ana  temperature  differences,  ranges  from  50  to 
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190  BTU/° F-HR-FT  were  given.  Thus,  at  a 10  degree  differ- 
ence of  temperature,  the  heat  transfer  areas  were  from  2.02 
to  7.7  square  feet. 

The  evaporator  was  made  up  with  7 lengths  of  1/2- 
inch  pipe,  each  48  inches  long,  enclosed  in  a 4-inch  shell. 
The  resulting  heat  transfer  area  was  6.16  square  feet. 

Absorber 

An  approximate  figure  of  35  square  feet  of  absorber 
area  per  ton  of  refrigeration  is  given  by  Arrowood  . 

However,  the  important  function  of  the  absorber  is  to 
present  as  large  a liquid  surface  area  as  possible  to  absorb 
ammonia  gas  from  the  evaporator,  with  adequate  provision  for 
carrying  away  the  heat  of  solution  of  the  ammonia. 

Thus,  the  absorber  was  designed  for  vertical 

> 

operation.  Two  spray  nozzles  were  placed  directly  opposite 
ea>. h other  near  tne  top,  to  break  up  the  incoming  weak 
liquor  from  the  generator  into  fine  droplets. 

The  absorber  was  made  up  from  11  three-foot  lengths 
of  1/2-inch  pipe  inside  a 6-inch  pipe,  giving  a heat  trans- 
fer surface  area  of  6.16  square  feet. 


Final  Assembly  of  Complete  System 


standard 
fli.!.  £•  fc  0 f? 


All  connections  between  the  components  utilized 
pipe  fittings,  with  the  exception  of  the  special 
1 unions  used  for  final  connections  between  units. 
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A special  pipe  compound,  which  expanded  as  it  set  and 
hardened,  gave  ammonia  tight  seals  at  all  threaded  pipe 
connections.  There  were  no  welded  connections  and  there 
were  no  leaks  at  any  connection. 

Stainless  steel  filter  screens  of  special  design 
were  fitted  into  the  unions  just  upstream  of  the  most 
critical  points  in  the  liquid  flow  lines.  The  filters 
were  made  by  drawing  fine  mesh  (1600  openings  per  square 
inch)  screen  into  rounded  cup  shapes.  These  cups  were 
then  tightly  wedged  into  the  unions  with  the  concave  side 
upstream.  One  filter  was  placed  upstream  of  the  pump,  and 
one  each  was  placed  in  the  unions  giving  access  to  the 
absorber  spray  nozzles. 

The  ammonia  liquor  pump  was  of  the  rotary,  nylon 
roller  type.  To  match  the  pump's  capacity  to  the  system 
flow  requirements,  a 16  to  1 speed  reducer  was  inserted 
between  the  1/2  horsepower  drive  motor  and  the  pump  shaft. 

Figures  22  and  23  show  the  back  and  front  views  of 
the  complete  refrigeration  system  respectively. 

The  identification,  flow  directions,  and  relative 
positions  of  the  units  making  up  the  system  can  be  seen  in 
the  schematic  view  of  Figure  24. 
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Figure  23 
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Figure  24 


CHAPTER  VII 


EXPERIMENTAL  PROCEDURE 

The  experimental  phase  of  this  investigation  was 
carried  out  in  three  separate  series  of  performance  tests 
extending  over  an  interval  of  two  months,  each  series  being 
run  at  a different  state  of  progress  in  the  manufacture 
and  assembly  of  the  solar  collector-generator  and  the 

associated  refrigeration  components.  These  tests  were  as 
follows : 


1.  Preliminary  tests  of  the  completed  solar 
collector-generator  and  its  enclosure  as  a solar 
energy  absorber. 

2.  Preliminary  test  of  the  collector-generator  and 
condenser  combination  as  an  intermittent,  "one- 
shot  ammonia  generating  system. 

tes^s  collector-generator  and  all 

the  associated  refrigeration  components  as  a 
complete,  continuous  refrigeration  and  air- 
conditioning  system. 

However,  before  any  of  the  components  were  perfor- 
mance tested,  each  one  was  hydrostatically  tested  to  a 
pressure  of  300  pounds  per  square  inch  and  then  given  a 
24-hour  test  at  approximately  30  inches  of  mercury  vacuum. 
The  completed  systems  vrere  also  tested  this  way  again  to 
detect  any  leaks  in  the  plumbing  connections.  No  leaks 
were  round  in  any  of  the  connections,  even  though  there 
were  no  welded  connections! 
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The  Solar  Collector-Generator  Performance  as  a 
Solar  Energy  Absorber 

To  measure  the  solar  energy  collection  characteris- 
tics of  the  collector-generator  and  its  glass  covered 
enclosure,  the  collector  grid  was  connected  to  a water 
supply  line.  Cool  water  was  fed  into  the  lower  feeder  pipe 
of  the  grid  and  a hot  water  outlet  connection  was  made  at 
the  top  of  the  header  pipe.  The  water  flow  rate  was  ad- 
justed to  approximate  the  fluid  flow  rates  which  were 
expected  to  occur  later  in  the  complete  refrigeration  system. 

On  three  successive  clear  days,  this  system  was 
operated  during  the  hours  of  useable  solar  energy.  During 
the  6-to  8-hour  tests,  the  following  variables  were 
measured: 

1.  Water  flow  rate  and  temperature  rise  through 
the  collector-generator. 

2.  Solar  energy  input  intensity  and  angle  of 
incidence  on  the  plana  of  the  inclined  solar 
collector-generator . 

3.  Air  temperature. 

A final,  no  flow  test  was  run  on  the  fourth  day  to 
find  how  high  a temperature  could  be  attained  by  the  system. 
During  this  test,  only  the  time  and  temperature  were 
recorded. 

Intermitte nt  Ammonia  Generation  Test 

After  the  condenser  had  been  connected  to  the 
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collector-generator  and  this  combination  had  been  pressure 
tested,  a vacuum  pump  was  connected  to  the  system  at  the 
charging  port  and  the  system  evacuated  to  approximately  30 
inches  of  mercury  and  sealed  off.  No  loss  of  vacuum  was 
observed  in  24  hours.  Next,  water  was  introduced  into  the 
collector-generator  in  an  amount  calculated  to  make  the 
final  ammonia-water  mixture  reach  approximately  to  the 
half-full  mark  on  the  header  of  the  collector-generator. 

After  re-evacuating  the  system,  liquid  ammonia  was  charged 
into  the  system  until  the  desired  liquid  level  was  reached. 
Later  reweighing  of  the  ammonia  cylinder  indicated  that  a 
concentration  of  60  per  cent  ammonia  by  weight  existed  in  the 
collector-generator . 

However,  temperatures  along  the  collector-generator 
tubes  indicated  that  very  little  mixing  of  the  ammonia  and 
water  had  occurred,  due  to  the  inclination  of  the  tubes. 

This  stratification  effect  was  removed  by  temporarily 
lifting  the  lower  end  of  the  collector-generator  to  a level 
higher  than  the  header.  This  procedure,  repeated  at  about 
1-hour  intervals  to  allow  the  heat  of  solution  to  dissipate, 
finally  brought  the  pressure  of  the  mixture  down  to  a level 
indicating  a mixture  of  about  60  per  cent  concentration. 

A 5-hour  performance  test  was  run  on  a clear  day  to 
evaluate  the  static,  ammonia  generating  characteristics  of 
the  solar  collector-generator. 


The  following  variables 


were  recorded  at  15-minute  intervals: 

1.  Generator  header  liquid  level  and  temperature. 

2.  Condenser  pressure,  temperature,  and  liauid 
level. 

3.  Solaj.  intensity  and  angle  of  incidence  on  the 
plane  of  the  collector-generator. 


Final  Performance  Tests  of  the  Collector-Generator  in 
the  Complete  Refrigeration  System 


After  the  collector-generator,  condenser,  evapora- 
tor, absorber,  liquid  heat  exchanger,  and  liquor  pump  had 
been  connected,  and  pressure  and  vacuum  tested,  the  system 

was  charged  with  approximately  a 60  per  cent  ammonia-water 
mixture. 

Various  preliminary  practice  tests  of  the  pump  and 
pump  motor  indicated  that  the  1/3-horsepower  electric  motor 
did  not  have  the  torque  characteristics  to  match  the  pump 
torque  required  for  the  extremely  low  liquid  flow  rates 
desired  in  the  system.  This  difficulty  was  not  resolved 
until  the  final  test  run  was  made,  at  which  time  the  pump 
driving  system  was  replaced  by  a 1/2-horsepower  motor 
acting  through  a 16  to  1,  double  pulley,  speed  reducing 
mechanism. 


The  season  being  mid-winter,  the  occurrence  of 


clear  days  was  rather  infrequent. 


So,  an  artificial  heat 


source  consisting  of  a 3 x 
heat  lamps  was  arranged  to 


3 grid  of  750  watt  radiation 
simulate  the  radiant  heat  input 
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from  the  sun.  This  array  of  lamps  was  set  up  at  a distance 
of  2 feet  from  the  collector-generator,  with  the  cover 
glass  removed  and  the  entire  system  covered  to  reduce  con- 
vection and  radiation  losses 0 At  the  conditions  prevailing 
on  the  day  of  the  test,  the  generator  temperature  did  not 
quite  reach  110°F  after  several  hours'  operation,  so  this 
method  of  heating  was  not  pursued  further. 

Later , after  solving  some  minor  pump  leakage 
problems,  the  system  was  tested  on  a fairl}/  clear,  warm 
day.  During  this  final  test,  the  following  variables  were 
recorded  at  20-minute  intervals : 

1.  Collector-generator  pressure  and  temperature 
rise. 

2.  Condenser  cooling  water  flow  rate  and  tempera- 
ture rise. 

3.  a.  Evaporator  pressure  and  liquid  level. 

bo  Chilled  water  flow  rate  and  temperature  drop. 

4.  Absorber  cooling  water  temperature  rise. 

5.  Solar  energy  intensity  and  angle  of  incidence 
on  the  plane  of  the  collector-generator. 

6.  Air  temperature. 

Since  the  cooling  water  circuit  of  the  absorber 
was  in  series  with  the  condenser  cooling  circuit,  one  flew 
race  measurement  sufficed  for  both.  The  flew  rates  were 
measured  by  weighing  the  water  accumulation  per  unit  time 
in  a bucket. 

To  approximate  steady  conditions  in  the  system,  the 
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expansion  valve  was  kept  slightly  cracked  during  the  test. 

By  careful  adjustment  of  the  control  valves  in  the  ammonia 

liquor  flow  lines,  an  almost  steady  flow  condition  was 

achieved  in  the  liquor  flow  to  and  from  the  generator. 

However,  due  to  the  pump’s  over-capacity,  it  was  difficult 

to  maintain  a steady  liquid  level  in  the  absorber,  this 

level  varying  i 3 inches  from  a 6-inch  average  level. 

To  provide  good  absorption,  the  by-pass  valve  on  the  pump 

output  was  adjusted  to  give  continuous  recirculation  of 

fluid  through  the  absorber  spray  nozzles. 

* 

A gravity  operated  water  recirculation  system  was 
used  to  provide  the  low  flow  rates  of  chilled  water  through 
the  evaporator. 


CHAPTER  VIII 


DATA  AND  RESULTS 

Collector-Generator  Water  Heating  Test  Runs 

1,  2,  3,  and  4 

This  series  of  tests  to  determine  the  solar  energy- 
collection  characteristics  of  the  collector-generator  was 
run  on  October  27,  28,  29,  and  30,  1966.  The  conditions 
during  the  test  runs  were  ideal.  The  solar  intensity, 
solar  incidence  angles  and  ambient  temperatures  existing 
during  this  period  resulted  in  the  collection  of  good, 
consistent  data.  The  sky  was  perfectly  clear  on  each  of 
the  test  days. 

The  test  on  October  27th  was  only  a practice  run, 

* primarily  to  check  out  the  instrumentation  and  flow  con- 
trols. Although  instrument  readings  were  made,  the 
results  were  not  considered  pertinent  to  this  investigation. 

Calibration  of  Condenser  and  Evaporator  Volume s 

Since  it  was  necessary-  to  read  the  ammonia  volumes 
directly  in  all  the  subsequent  tests,  the  sight  glasses 
on  the  condenser  and  evaporator  were  calibrated  in  terms 
of  centimeter  scale  readings  versus  cubic  feet  of  liquid 
ammonia  volume  in  the  particular  unic.  0 

This  calibration  was  done  after  the  units  had  been 


71 


72 


permanently  fastened  in  position  on  a steel  rack.  Measured 
volumes  of  water  were  poured  into  the  units  and  the  liquid 
level  reading  on  the  sight  glass  noted  for  each  increment 
of  volume  added.  These  two  calibration  curves  are  in- 
cluded in  the  Appendix. 

Intermittent  Ammonia  Generation  Tests 
Runs  5 and  6 

The  first  of  the  series  of  two  tests  of  the 
collectoi -generator  and  condenser  alone  as  an  intermittent 
ammonia  generating  system  x«/as  started  on  the  morning  of 
November  19,  1966,  After  about  one  hour  of  operation  it 
was  observed  that  the  pressures  and  temperatures  of  the 
generator  were  following  the  saturation  curve  for  pure 
liquid  ammonia.  This  indicated  that  a layer  of  pure  ammonia 
liquid  w as  stratified  in  the  upper  part  of  the  collector- 
generator  header  and  tubes.  It  was  decided  to  postpone 
further  testing  until  the  water -ammonia  charge  in  the 
collector-generator  had  been  thoroughly  mixed. 

On  November  22nd,  a 5-hour  performance  test  was 
■■  un  under  ideal  conditions.  There  were  no  clouds  in  view, 
the  ambient  temperature  remained  in  the  middle  sixties, 
and  there  was  very  little  air  movement . 
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Continuous  Ammonia  Generation  Tests 
Runs  7 and  8 

The  test  using  an  artificial  source  of  radiant 
heat  was  run  on  January  4,  1967.  Although  the  generator 
temperature  reached  was  moderate,  the  results  were  con- 
sidered quite  significant. 

The  final  test  was  run  on  January  7,  1967,  under 
satisfactory  conditions.  By  mid-morning  most  of  the  sky 
was  clear  and  the  test  proceded  through  a 7-hour  period. 
Ambient  temperatures  climbed  into  the  middle  seventies, 
and  there  were  a few,  very  light  breezes. 
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Figure  25 
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Table  1 Observed  Data,  Run  No.  7,  January  4,  1967 
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Table  2 Observed  Data,  Run  TTo.  8,  January  7,  1967 
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CHAPTER  IX 


DISCUSSION  AND  EVALUATION  OF  RESULTS 
The  primary  objective  of  this  investigation  was 


fully  met  in  eliminating  the  heat  loss  that  normally  would 
occur  between  the  solar  collector  and  the  generator  when 
these  two  were  separate  units.  The  combining  of  the  solar 
collector  and  the  generator  into  one  unit  removed  the  need 
for  fluid  transport  between  the  collector  and  the  generator, 
along  with  its  resultant  heat  loss. 

At  several  points  between  the  various  series  of 
experimental  investigations  it  was  necessary  to  open  the 
pressurized  system  and  drain  out  the  refrigerant.  During 
each  of  these  operations  it  was  observed  that  the  liquid 
, ammonia  in  the  condenser  and  in  the  evaporator  boiled  away 
completely,  leaving  no  water  residue.  This  was  direct 
evidence  that  complete  separation  of  the  water  and  the 
ammonia  had  occurred  at  the  large  liquid  surface  area  pro- 
vided in  the  collector-generator  header.  This  also  verified 
the  theoretical  prediction  that  the  steady  state  vapor 


generation  rate  would  be  low  enough  to  prevent  any  boil- 
over  of  the  ammonia  due  to  vapor  choking  or  slugging  in  the 


collector -generator  tubes. 

Besides  the  elimination  of  the  heat  loss  mentioned 
above,  there  were  other  advantages  resulting  from  the  ccm- 
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bining  of  the  collector  and  the  generator.  Several  of 
these  advantages  were  brought  out  in  the  first  series  of 
investigations  of  the  solar  energy  absorption  capabilities 
of  the  collector  generator  alone.  The  results  of  this 
series  indicated  good  collection  efficiency,  relatively 
low  heat  storage  capacity  for  the  collector-generator,  and 
gave  a measure  of  the  resulting  thermal  lag  of  the  unit 
and  its  liquid  content. 

This  heat  storage  effect  is  due  to  the  total  heat 
capacity  of  the  system.  This  heat  capacity  is  the  sum  of 
the  products  of  the  masses  of  the  various  materials  com- 
prising the  system  times  their  respective  specific  heats. 
For  example,  the  steel  in  the  collector-generator  grid 
weighed  158.2  pounds.  At  the  operating  level,  the  liquid 
contained  in  the  generator  weighs  27.2  pounds.  Thus,  with 
» a specific  heat  of  0.12  BTU/LB°F  for  the  steel  and 
1.0  BTU/LB°F  for  the  water,  the  heat  capacity  of  the 
collector-generator  and  its  contents  is  46  BTlf/°F. 

A heat  balance  for  the  collector-generator  can  be 
evaluated  thus: 

QlNPUr  = Qstokcp  +■  Q OUTPUT  +•  Q LOSSES  . 

Selecting  a linear  portion  of  the  curves  for  run 
number  2 (9:00  a.m.  to  1C:00  a.ra.)  and  using  arithmetic 
mean  values,  the  heat  balance  becomes: 
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6 6 FT^)(2  5( 


B ru  \ 
HR  FT7 


600 


BTU 
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BOSSES 


These  figures  indicate  a collection  efficiency  of 

about  50  percent.  The  loss  to  surroundings  could  have  been 

reduced  by  use  of  more  insulation  in  the  collector-generator 
enclosure . 

The  relatively  low  heat  capacity  of  the  collector- 
generator  is  a definite  advantage  if  it  is  desired  to  reach 
ammonia  generating  temperatures  quickly.  On  the  other  hand, 
ir  it  is  desired  to  have  ammonia  generation  occur  for  a 
considerable  time  after  the  solar  energy  input  has 
diminished,  as  is  the  case  in  late  afternoon,  then  a 
collector-generator  with  a larger  heat  capacity  would  be 
needed,  since  the  stored  heat  would  generate  ammonia  until 
the  collector-generator  temperatures  dropped  below  the 
ammonia  generation  temperature. 


Another  characteristic  of  the  collector-generator 
is  evident  in  the  performance  curves  of  rims  number  2 and 
number  3.  Note  that,  for  both  runs,  there  was  approxi- 
mately a 1-hour  interval  after  solar  noon  (peak  solar 
intensity)  berore  the  collector-generator  reached  its 
peak  temperature.  This  delay  is  the  effect  of  a system 
characteristic  called  the  thermal  time  constant,  which  is 
a function  not  only  of  the  collector-generator’s  heat 
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storage  capacity,  but  also  of  its  heat  loss  rate.  If  this 
heat  loss  rate  under  steady  conditions  is  expressed  as  the 
thermal  resistance  of  the  collector-generator * s enclosure, 
then  the  product  of  thermal  capacity  C and  thermal 
resistance  R is  the  thermal  time  constant  for  the  collector- 
generator.  This  is  directly  analogous  to  the  time  con- 
stant in  an  electric  circuit,  RC,  where  R and  C are  the 
electrical  resistance  and  electrical  capacities  in  the 
circuit. 


Thus  the  results  of  the  first  series  of  experimental 
run's  predict  a relatively  short  warm-up  time  for  the 
subsequent  ammonia  generating  tests  of  the  collector- 
generator.  In  addition  to  this,  the  collector-generator 
temperatures  reached  in  these  runs  indicate  potential 
ammonia  generating  temperatures  in  the  range  of  135  to  190° 
F,  thus  allowing  the  use  of  lower  ammonia  concentrations  in 
the  generator  with  resulting  lower  generator  and  condenser 
pressures.  This,  in  turn,  should  permit  less  rugged  con- 
struction and  a still  further  reduction  in  thermal  lag  and 
in  the  fixed  cost. 

In  all  the  subsequent  runs  where  the  ammonia 
generating  capabilities  were  tested,  the  time  from  cold 


start  to  first  ammonia  production  was  between  1-1/4  and 
1-1/2  hours,  bearing  out  the  prediction  of  fast  warm-up 


time. 
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The  results  of  run  number  7 point  out  an  unique 
advantage  of  the  flat  plate  type  collector-generator  as 
compared  to  a concentrating  type . collector . The  con- 
centrating type  collector  can  absorb  only  the  specular 
component  of  the  incoming  solar  energy,  rejecting  the 
diffuse  energy.  Thus,  on  a hazy  day,  when  the  diffuse 
portion  of  available  solar  energy  may  comprise  about  90 
percent  of  the  total  energy,  the  flat  plate  solar  collector- 
generator  can  easily  maintain  a temperature  of  110°F  and 
better  where  the  concentrating  type  collector  would  remain 
cold.  Note  that,  in  run  number  7 , at  a generator  temperature 
of  about  110°F,  there  is  a substantial  output  of  ammonia 
after  the  1-hour  warm-up  period.  Thus,  the  results  of 
run  number  7 indicate  that  the  solar  collector-generator 
is  fully  capable  of  maintaining  a substantial  ammonia 
production  rate  even  on  hazy  or  cloudy  days. 

xhe  results  of  the  final  test  run  (number  8)  are 
presented  in  terms  of  total  ammonia  output  so  as  to 

average  out  the  transient  effects  that  occurred  during  the 
test. 

In  order  to  arrive  at  a better  estimate  of  the 


potential  ammonia  generating  capacity  of  the  solar 


co Hector -generator  at  a time 
is  needed,  the  results  of  this 
lafced  with  conditions  existing 


of  year  when  air-condition 
final  test  will  be  corre- 
in  Gainesville,  Florida 


i Tier 
o 


during  early  July. 


Correlation  Analysis 


Gainesville,  Florida  is  at  latitude  29°42'N  and 
longitude  82°16'W.  For  convenience,  this  latitude  will 
be  rounded  off  to  30.0°.  since  the  plane  of  the  solar 
collector-generator  is  inclined  30°  above  the  horizontal 
and  faces  due  south,  the  hourly  solar  intensity  on  such  a 
surface  was  computed  for  a location  at  30°  north  latitude. 
These  values  were  calculated  for  a clear  day  in  early 

January  and  for  a clear  day  in  early  July.  The  resulting 
curves  are  shown  in  Figure  30 


The  summer  air-conditioning  design  conditions  for 
Gainesville,  Florida  [35]  call  for  a dry  bulb  temperature 
ranging  from  89  to  96°F.  The  daily  average  insolation  on 
horizontal  surface  at  Gainesville,  Florida  is  1011  BTU/ 
Ft.  in  January  and  1323  BTU/Ft.2  in  July,  according  to 

weather  bureau  records  [35]  . These  relations  can  be 

compared  best  when  seen  side  by  side  in  a table: 
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Figure  30 
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Table  3 Solar  Energy  Correlation 


Item 

January  Conditions 

July  Conditions 

Ambient  Temperature 

75° 

90° 

Average  Daily 
Insolation 

BTU 

1011  7 

HR  - FT 

BTU 

1823  HR  - FT^ 

Total  Hours  Useful 
for  Collection 

6 Hours 

8 Hours 

AT  For  Collector 
Losses 

145  - 75  =70° 

H 

145  - 90  - 55° 

If  it  is  assumed  that  most  of  the  collector  losses 
are  other  than  radiation  losses,  then  these  losses  will  be 
proportional  to  the  difference  in  the  temperatures  of  the 
generator  and  of  the  surroundings.  The  percent  decrease  in 
losses  m July  would  be  78  percent  or,  the  increase  in 
output  would  be  22  percent. 

The  percent  increase  of  output  due  to  longer  day 
length  will  be  proportional  to  the  increase  in  the  number  of 
hours  of  useful  collection,  or  a 33  percent  increase. 

Thus,  the  collector-generator  should,  under  July 
conditions,  produce  35  percent  more  than  it  did  under  the 
actual  test  conditions. 

Tnen,  since  7.14  pounds  of  ammonia  were  generated 
during  the  test,  the  July  output  should  be  11.0  pounds  of 
ammonia  per  d^y.  At  an  approximate  heat  of  vaporization  of 
oOO  BTU/Lb.  this  ammonia  output  of  the  collector-generator 
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would  be  equivalent  to  5500  BTU  of  cooling  or  refrigeration. 

In  terms  of  ice  production,  this  small  4x4  foot 
solar  collector-generator  could  produce  30  pounds  of  ice 
daily  from  75°F  water,  or  about  2 pounds  of  ice  per  day  for 
each  square  foot  of  collector-generator  frontal  surface. 


CHAPTER  X 


CONCLUSIONS 

Giving  due  consideration  to  the  significant  results 
of  this  investigation,  the  following  conclusions  may  be 


drawn : 

1*  The  successful  combining  of  the  flat  plate  solar 
energy  collector  and  the  ammonia  generator  into 
a single  unit  has  been  shown  to  be  technically 
feasible.  y 

/ 

* 

2.  The  combining  of  the  two  units  into  a single 
collector-generator  has  eliminated  the  hea*  loss 
formerly  occurring  between  the  solar  collector 
and  the  ammonia  generator. 

A 

3.  The  combined  collector-generator  developed  in 
this  investigation  has  a low  heat  capacity  per 
unit  area  and,  as  a result,  can  be  heated' to 
a useful  generating  temperature  in  a relatively 
short  time  (about  one  hour  for  the  unit  tested). 

$H>e  solar  collector  has  proven 
itself  capaole  of  generating  substantial  amounts 
of  ammonia  even  on  cloudy  days  when  onlv  diffuse 
solar  energy  is  available.  ' 

5.  The  collector-generator  tested  is  capable  of 
.Che  equivalent  of  30  pounds  of  ice 
P~r  Wltn  only  a 4 by  4 foot  frontal  area. 
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Table  4 Observed  Data,  Run  No.  2,  October  28,  1966 
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Table 

5 Observed  Data, 

Run 

No.  3, 

October  29, 

Mour 

WATER 
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SUN 

c.sx 
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94 
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Table  6 Observed  Data,  Run  No.  4,  October  30,  1966 


C.S-T. 

WATER  INLET  °f 
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Table  7 Observed  Data,  Run  No.  6,  November  22,  1966 
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Figure  31 
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Figure  32 


BIOGRAPHICAL  SKETCH 


Gordon  Lee  Moore  was  born  July  23,  1916,  at 
Independence,  Missouri.  There  he  graduated  in  June,  1934 
from  William  Chrisman  High  School.  In  the  intervening 
years  before  coming  to  the  University  of  Missouri  at 
Columbia,  he  was  employed  as  a.  commercial  photographer, 
as  a photo-engraver,  as  a news  photographer,  and  as  a 
taxi  operator.  One  year  was  spent  in  attending  night 
school  at  Kansas  City  Junior  College.  His  subsequent 
attendance  at  the  University  of  Missouri  was  interrupted 
by  military  service  in  the  Army  Air  Force  from  January  6, 
1943  until  February  11,  1946. 

Returning  to  the  University  of  Missouri,  he 
* received  the  degree  of  Bachelor  of  Science  in  Mechanical 
Engineering  in  June  of  1949.  At  this  time  he  began  a 
career  of  study  and  teaching.  He  was  awarded  the  degree 
of  Master  cf  Science  in  Mechanical  Engineering  at  the 
University  of  Missouri  in  June,  1953. 


In  i_he  fall  of  1964  he  began  his  graduate  work 
toward  the  degree  of  Doctor  of  Philosophy  at  the  University 
of  Horida.  During  the  1964-65  school  year  .he  worked  as  a 
Graduate  Assistant  assigned  to  the  Solar  Energy  Laboratory. 
The  work  involved  in  this  project  led  to  the  joint  publi- 
cation of  a scientific  paper  by  the  student  and  Professor 


100 


101 


Clark  W.  Pennington.  In  the  1965-66  school  year  he  was 
appointed  a Research  Associate  in  the  Mechanical  Engineering 
Department  of  the  University  of  Florida. 

Upon  completion  of  the  requirements  for  the  doctoral 
degree,  he  will  return  to  full-time  teaching  at  the  Univer- 
sity of  Missouri  at  Columbia  in  the  Department  of  Mechanical 
Engineering,  where  his  present  rank  is  Associate  Professor. 

Gordon  Lee  Moore  is  single  and  is  a member  of  the 
American  Society  of  Mechanical  Engineers,  American  Society 
of  Heating,  Refrigerating,  and  Air-Conditioning  Engineers, 
the  Solar  Energy  Society,  Pi  Tau  Sigma,  Tau  Beta  Pi,  and 
Sigma  Xi. 


5 


This  dissertation  was  prepared  under  the  direction 
of  the  chairman  of  the  candidate's  supervisory  committee 
and  has  been  approved  by  all  members  of  that  committee. 

It  was  submitted  to  the  Dean  of  the  College  of  Engineering 
and  to  the  Graduate  Council,  and  was  approved  as  partial 
fulfillment  of  the  requirements  for  the  degree  of  Doctor 
of  Philosophy. 

August,  1967 


Dean,  Graduate  School 

Supervisory  Committee: 


_ 

Chairman 

7 

‘-'Z 

^ 7 

/i- 

